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Abstract

This article describes the application of the Multi-

disciplinary Analysis (MDA) solver, Spectrum TM,in

analyzing a hydrogen-cooled hypersonic cowl
leading-edge structure. Spectrum, a multi-physics
simulation code based on the finite element

method, addresses compressible and incom-

pressible fluid flow, structural, and thermal model-

ing, as well as the interactions between these
disciplines.

Fluid-solid-thermal interactions in a hydrogen

impingement-cooled leading edge are predicted

using Spectrum. Two- and semi-three-dimensional
models are considered for a leading edge im-

pingement cooling concept under either specified
external heat flux or aerothermodynamic heating
from a Mach 5 external flow interaction. The

solution accuracy is demonstrated from mesh

refinement analysis. With active cooling, the

leading edge surface temperature is drastically
reduced from 1807 K of the adiabatic condition to

418 K. The internal coolant temperature profile

exhibits a sharp gradient near channel/solid inter-
face. Results from two different cooling channel

configurations are also presented to illustrate the
different behavior of alternative active cooling
schemes.

Introduction

Necessary to advancing the state-of-the-art of

technologies for hypersonic flight vehicles is the

development of an airframe and propulsion system

capable of withstanding sustained high thermal,

aerodynamic, and structural loads expected during

flight. In these systems, the engine cowl leading

edges are anticipated to have some of the most

severe exposure to these loads and hence, are
considered to be a critical system for enabling the

development of a hypersonic aircraft. To prevent

material failure on the cowl lip caused by high

aerodynamic heating, including effects of stagna-
tion and shock-on-shock interactions, active cool-

ing schemes for the leading edges may be desir-
able. It is expected that these systems would

likely be cooled by cryogenic hydrogen carried as
a fuel on board the aircraft.

Many actively cooled leading-edge concepts have

been proposed in recent years to address this

technology challenge. Design of such a structure is

difficult when incorporating all of the loads, and

their respective interactions, as it involves analy-

ses in three separate and highly complex disci-

plines: Fluid Dynamics, Heat Transfer, and Struc-

tural Mechanics. Typically, these analyses would

be performed independently and the results would

be passed between analysts in a piecemeal fash-

ion. Each of the analysis results affects the other

two and thereby mandates an iterative process to
reach a converged solution. The process ultimately

results in a very cumbersome and inefficient task.

In many cases, it would be more efficient to use a

simplified method to design and test several

variants of a component as opposed to trying to

arrive at a design through computational analyses.

Recent advances in multiphysics analysis tech-

niques, however, have made this latter choice

more attractive. Centric Engineering Systems has

developed Spectrum TM, a finite-element based

analysis package which can simultaneously solve

fluid (incompressible and compressible), thermal,
and structural interactions for a wide class of

problems using a single-pass solution approach.

The thermal-solid analyses have been performed

by Melis et al. [1] to demonstrate the feasibility of

several design concepts for leading edge cooling.

Different internal cooling configurations including

NASA/TM--1999-209275 l



cross-flow, parallel and impingement were consid-

ered with limited experimental data to support the

research. The cooling effectiveness of the various

concepts was demonstrated by finite element

analysis; however, the analyses were limited by

the use of empirical formulations for both the

external and internal fluid dynamics.

The purpose of this paper is to demonstrate Spec-

trums ability to perform a single pass fluid-thermal-

structural analysis of an impingement hydrogen-

cooled leading-edge concept made of nickel in a

Mach 5 flight condition. The results of fluid (incom-

pressible and compressible)-solid-thermal (FSI)

interactions between internal hydrogen coolant,

the structure, and the external hypersonic flow will

be presented. Both two-dimensional and semi

three-dimensional (3D structure, 2D fluid) models
will be considered. Mesh refinement results

will also be discussed to validate solution

convergence.

Methods

Spectrum's multiphysics architecture supports

multiple physical interactions through a data model
defined as a hierarchical tree of regions and

interfaces. Regions of a problem are used to
separate the different physics being analyzed over

the spatial domain. For example, in a fluid-
structure interaction problem, the fluid domain is

one region and the solid structure is another
(Figure 1). Within each region, sub-regions are

allowed for different element technology and
material modeling. Interfaces are used to enforce

the coupling constraints between the different

regions. A slave-master algorithm is then used to
define the discrete interface constraints of multi-

physics problems. These constraints are enforced

with the augmented Lagrangian formulation. The
technologies underlying the finite element methods

used in the Solver are described in References [2]-

[8] and [20].

The finite element treatment of fluid regions within
this framework is based on the Galerkin-Least-

Squares (GLS) method with discontinuity capturing
operators. In this treatment, the compressible flow
formulation makes use of physical entropy vari-
ables. With these variables, the fluid conservation

laws are expressed in symmetric form, which
intrinsically expresses the mathematical and

physical stability provided by the second law of
thermodynamics. In turn, the finite element tech-
niques employed herein inherit this fundamental

stability, and some limited convergence proofs are

available. Since entropy variables do not yield the

most efficient form of the incompressible equations
with the absence of shocks and discontinuities, the

state variables are hence used in the incompressi-
ble flow formulation.

FluidRegion Interface Solid Region

Figure 1. Problems are divided into regions to
analyze multiple disciplines. Interfaces between

regions are defined on surfaces with varying
mesh discretizations.

Multiphysics problems often require the movement

of the computational fluid domain in response to

the deformation of the common solid region
boundaries. The arbitrary-Lagrangian-Eulerian
(ALE) method is utilized to account for the defor-

mations in fluid domains ([9], [10]).

Within solid regions, the finite element treatment of
structures is based on the Hu-Washizu variational

principle, e.g., [11]. These methods are well
documented in the literature to address numerical

locking phenomena. The kinematic description
admits small and finite deformations and strains.

The structural formulations (beams and shells,
[12]) are expressed in resultant form. The expo-

nential map is employed for rotational updates,

which are geometrically exact, and singularity free.
Linear and nonlinear material models are used for
the constitutive relations with thermo-mechanical

coupling. The structural elements are coupled to

all of the material models in the constitutive library.

Spectrum has been applied to numerous multi-
physics problems. Selected applications are

demonstrated in References [13]-[17]. In particular,

in Reference [15], an Interior Comfort Engineering
(ICE) system was developed to allow the design of

automotive climate control systems, and Spectrum
was used as the simulation engine to predict the
thermal load. It was found that under a solar soak

transient simulation the ICE system was able to
attain an accuracy level of approximately 4.0 C

(with the averaged interior temperature of 60.0 C)
as compared to the wind tunnel data.
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Computational Problem Description

An impingement cooled leading-edge configuration
was modeled loosely around the hypersonic strut

leading edge detailed in Reference [18]. This

concept consists of a series of channels in the
center of the structure, which bring coolant to

impinge directly onto the leading edge tip. The
cooling flow then splits and is directed back

through channels to cool the top and bottom

surfaces of the leading edge structure. Figure 2
illustrates a cooling channel for the impingement

scheme with the pertinent physical dimensions

highlighted.

To utilize symmetric conditions, only a section of

the test piece with a single coolant duct is simu-
lated here. As mentioned earlier, we will limit our

investigation in this paper to two-dimensional and
semi-three-dimensional flow calculations. To

develop confidence in the solution accuracy, a 2D
model of thermal coolant and solid model interac-

tions under a specified external heat flux was

performed first (hereafter Case 1). Next full 2D
interactions of hydrogen coolant, nickel solid, and

external hypersonic flow was simulated (Case 2).

Finally, two semi-3D models (incorporating a full
3D structures model with 2D flow models) with

different channel configurations were studied to
determine effectiveness of the active cooling

concepts (Case 3).

This impingement concept has been tested in a
hot gas facility to assess its effectiveness [1]. But
the extreme environments have severely ham-

pered efforts to obtain accurate steady state

temperature data from the test piece and thus
making direct comparison with current simulations
impossible. Nevertheless, coolant inlet conditions
were used from these experiments as a baseline

for the analyses to match closely with the experi-

ment condition. The ambient temperature is taken
at 278 K, the coolant inlet duct velocity is specified

at 278 m/sec, and the hydrogen density is 3.573

Kg/m^3. The rest of hydrogen properties are taken
from standard conditions listed in Reference [19].

The resulting Mach number is about 0.2 and
Reynolds number is about 1.0E5. As a result, the
coolant flow is considered incompressible and the

Spalart-AIImaras turbulence model is employed to

model the expected turbulent physics. Standard

properties (listed in [19]) are also employed for the
nickel solid model whereas a temperature de-

pendent thermal conductivity is adopted.

The external compressible air has an inlet tem-

perature of 300 K and Mach number of 5. Although

the flow regime fails into the lower end of the

hypersonic range, a perfect gas assumption is still
considered adequate for the present purpose.
Since the internal hydrogen coolant is considered

incompressible, the thermal equation is essentially

decoupled from the fluid equations. However, in
external flow, the thermal variable is coupled

directly with the fluid variables. In essence, a
multiphysics conjugate heat transfer problem
between the coolant, the nickel solid and the

external hypersonic flow is simulated.

The Spectrum solver supports different degrees of

coupling via the stagger and solution strategy [20].

In the present study, a segregated approach is
employed for the coolant calculation consisting of

pressure, velocity, and turbulence staggers. An-

other stagger for the thermal stress equation is
employed. The compressible flow equations, along
with the solid and coolant thermal equations, make

up the final stagger. The steady state solution is
achieved when the overall stagger iteration

converges.

Figure 3 depicts the mesh (i.e., mesh 2) used in
Case 1 and 2. For clarity, the mesh in all three

regions (coolant channel, solid model and external

flow) is shown here in both global and local views
near the leading edge. A total of 27,154 nodes and
12,905 8-node hexahedral elements were used.
The internal coolant mesh has been refined near

the wall to capture the turbulent and thermal

boundary layers. The external flow mesh has also
been refined near the wall to capture the boundary

layers. It should be noted that both the fluid and
solid mesh consist of three-dimensional elements

(with one element through the thickness); how-
ever, the flow was computed as two-dimensional

as Spectrum handles 2D computations using this

element type.

Results

Case 1: 2D coolant and solid thermal interactions

This case predicts the thermal interactions under a

specified heat flux on the solid surface. The heat
flux distribution has a maximum of 1.3E7 W/m 2 at

the nose tip and then tapers off to 1.25E6 expo-
nentially downstream to simulate aerothermody-

namic heating.

The steady-state coolant flow fields for the pres-
sure contours, total velocity magnitude contours,

and velocity vectors are depicted in figures 4-6.
Figure 4 illustrates the pressure contours in both
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global and local views. It is seen that the pressure

reaches a maximum near the nose region indicat-
ing flow stagnation. In Figures 5 and 6, the flow, as

expected, impinges upon the solid leading edge

and turns and splits in the opposite direction along
the outer skin of the test model. Additionally, small
circulation pockets are clearly present at the edge

of the internal duct as evidenced by the low pres-

sure and high velocity contours.

The steady-state temperature contours for the
internal coolant and the solid models are shown in

figures 7-9. Figure 7 illustrates the thermal con-
tours in global view. The spatial-varying external

heat flux prescribed results in a high temperature
concentration near the nose and then levels off

downstream. The maximum temperature at the

nose is 825 K (legend shown in figure 8). Note
that Killackey et. al. have predicted a peak tem-
perature of 1016 K under maximum heat flux 1.8

W/m 2 at the tip.

The thermal gradient in the solid region as ex-

pected is nearly linear (weak nonlinearity coming

from temperature-dependent thermal conductivity)
as can be seen in figure 8. In contrast, a steep
temperature gradient is found inside the coolant

region. (In the coolant stagnation region, the
thermal boundary layer is so thin that the channel

needs to be seen from an isometric viewpoint for

clarity in figure 9). This is mainly due to the hydro-

gen thermal conductivity being an order of magni-
tude smaller than that of the nickel solid. The

maximum tip coolant temperature is 703 K.

The solid stresses induced by the thermal gradient
are shown in figure 10, and figure 11 depicts the

spanwise displacement for the solid model. From
figure 10, high compressive stresses are found

near the leading edge while maximum tension is

situated near the +/-90 degree radius angle of the
leading edge. The compressive stress in the ZZ
component (across the thickness direction) also

corresponds to the expansion in the spanwise

displacement as evidenced in figure 11.

To validate the current solution convergence, we

have compared, in figures 12 and 13, temperature
and velocity profiles along two selected line probes

using two different fluid mesh densities. The
densities, respectively, are 4323 (referred to as

mesh 1 in the figure legend) and 7139 elements
(mesh 2). The first line probe (referred to as "cen-

terline" in the figure legend) is located along the

centerline of the leading edge region spanning
both the solid and coolant channel region (line

probe origin at the coolant region). The second

one ("60 degree") cuts along the 60-degree radius

line in the leading edge region. The agreement
between the two solutions is excellent. Note that

the solid region consists of zero velocity and near-

linear temperature profiles on the right side of the
plots.

Case 2: 2D full coolant, solid, and external flow
thermal interactions

The full 2D coolant, solid model and external flow
thermal interactions involve solutions of incom-

pressible thermal, solid thermal/stress, and com-

pressible flow equations. To start the FSI compu-
tation, a steady-state external flow at Mach 5 with
adiabatic wall condition was used as the initial

condition. Figures 14 and 15 show the final FSI

external Mach number contours in global and local

views, respectively. The strong bow shock up-
stream of the leading edge is resolved clearly.

Strong deceleration behind the bow shock forming
an external stagnation region is also observed.

The temperature contours is depicted in figures 16

and 17 in both the global and local views. The
temperature jump induced by the shock wave is

again well resolved. The maximum temperature is

about 1800 K located in the external stagnation
region. But the maximum temperature on the solid
surface has been drastically reduced to 418 K with

active cooling. Although the results are not shown

here, the aerothermodynamic heating with adia-
batic wall condition (without cooling) generated a

peak wall temperature about 1807 K. Furthermore,

the heat generated at the nose region was con-
vected downstream heating the whole solid
surface.

The thermal distributions in the solid model and

coolant region are illustrated separately in figures
18 and 19 due to the scale disparity. The maxi-
mum tip temperature is 418 K for the solid and 381
K for the coolant. The contour distributions are

similar to those of case 1 ; that is, near linear profile
in the solid region and thin "boundary-layer" type

profile in the coolant region.

Finally, the temperature profiles at two line probes
across the three regions near the leading edge are
plotted in figure 20. The locations of the line probe

are the same as those of figure 14 (except they

extend into the external region now). Meshes 1
and 2 have 8959 and 12905 hexahedral elements,

respectively. The two mesh solutions agree with
each other reasonably well. From the right, it is
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seen clearly that the temperature experiences a

sudden increase through the external shock wave,

stays relatively constant in the external stagnation
region, and then develops an external thermal

boundary layer near the nose. The temperature
gradient then stays relatively linear inside the solid

model region. A very sharp temperature gradient
again is observed on the coolant side of the
interface.

Case 3: Semi 3D coolant and solid thermal

interactions

To demonstrate the effectiveness of different

design impingement models, coolant/solid thermal
interactions have been simulated on two semi-3D
models. It is semi-3D since we assume the internal

coolant flow to be two-dimensional while the solid

model is fully 3D. Except for the spanwise dimen-
sion, the overall geometry is similar to that of Case

1. In addition, these two cases differ mainly in the

area of the impingement region. The flow condi-
tions are the same as those of Case 1.

Figures 21 and 22 compare the velocity and
temperature contours of the two different configu-
rations. It is seen that different channel configura-

tions produce dramatically different flow patterns in

the stagnation region. The top configuration exhib-

its a significantly larger area of stagnant flow,
hence, reducing cooling effectiveness. Both cases
have the same inlet flow condition; however, the

maximum total velocity in the top configuration is

about 300 m/sec, as compared to 412 m/sec for
the bottom one. The final maximum solid surface

temperature also differs significantly. The top
configuration has a maximum tip temperature of
1200 K vs. 800 K for the bottom one. It is demon-

strated that the bottom configuration is much more

effective as an active cooling design.

Conclusion

The ability of Spectrum to perform multiphysics

simulations of an actively cooled hypersonic
leading edge has been successfully demonstrated
with these results. The cases simulated included

2D and semi-3D coolant/solid thermal interactions

under specified heat flux to study the coolant flow
physics and the 2D multiphysics aerothermody-
namic interactions. It was shown that the leading

edge develops significant thermal gradients at
steady state. In particular, the coolant and struc-

tural thermal gradients are extremely large near
the tip/stagnation region of the component.

Solution convergence in these problems was
demonstrated from mesh refinement analyses.

The cases analyzing coolant, solid, and external

Mach 5 hypersonic flow interactions have demon-
strated the effectiveness of active cooling. The

external aerothermodynamic surface heating due
to shock wave and stagnation has been greatly

reduced from 1807 K to 418 K. Without cooling,
the nickel solid would experience material failure.

Finally, we have also illustrated the importance of

internal coolant channel design by comparing the

flow and thermal physics between two different
channel configurations.
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Figure 6. Coolant velcoity vectors near leading
edge; Case 1

Figure 9. Coolant temperature contours under
specified heat flux; Case 1

Figure 7. Solid Surface temperature under
specified heat flux; Case 1

Solid

i ii iii:

X

Figure 10. 77 solid stress contours under speci-
fied heat flux; Case 1

X

Figure 8. Solid model temperature distribution
under specified heat flux; Case 1

Figure 11. Spanwise displacement for the solid
model under specified heat flux; Case 1
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Figure 13. Comparison of temperature profiles at
two different line probes for two different meshes;
Case 1

Figure 14. External flow Mach number contours

(legend shown in next figure); Case 2

Figure 15. Local external flow Mach number

contours; Case 2
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Figure 16. Temperature
flow; global view, Case 2
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cooling; Case 2
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cooling; Coolant channel only, Case 2
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Figure 21. Comparison of velocity contours for
two different channel configurations; Case 3

Figure 22. Comparison of temperature contours
for two different channel configurations; Case 3
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